Introduction
Current global climate change is evidenced by ongoing increases in ambient temperature, rising sea level, and decreases in snow cover worldwide (IPCC, 2007) . These accelerated processes have been mostly attributed to progressively increasing concentration of CO 2 in the atmosphere (IPCC, 2007; Graßl, 2009 ). Relative to the preindustrial level, the global atmospheric concentration of CO 2 has already increased by 35% (from approximately 280 to 379 L L −1 ); this newly-added atmospheric CO 2 has been mainly sourced from fossil fuel combustion and land-use change, and it is considered to contribute 77% of the current global warming effect (Houghton, 1999; IPCC, 2007) . Major science efforts are now focusing on identifying and developing suitable land-management strategies to effectively mitigate or decelerate these detrimental global environmental effects (Suyker et al., 2004; Johnson et al., 2005; Russell et al., 2005; Hutchinson et al., 2007) . Both extensive quantification of CO 2 fluxes in diverse terrestrial ecosystems and enhanced understanding of their controlling environmental factors (Law et al., 2002; Griffis et al., 2003) are needed to select effective management strategies to enhance carbon sequestration (Baker and Griffis, 2005; Verma et al., 2005; Glenn et al., 2010) as well as for improving prediction ability of terrestrial CO 2 fluxes when modeling future climate scenarios (Grant et al., 2007; Migliavacca et al., 2011) .
Several studies have indicated the key controlling roles of available light, ambient temperature, and rainfall patterns on CO 2 fluxes (Law et al., 2002; Griffis et al., 2003; Pingintha et al., 2010; Reverter et al., 2010) . In general, it has been established that while increased available light enhances ecosystem CO 2 uptake within growing seasons via plant photosynthetic activity (Griffis et al., 2003; Suyker et al., 2004; Pingintha et al., 2010; Glenn et al., 2010) , increased ambient temperature typically favors ecosystem respiration (Law et al., 2002; Griffis et al., 2003; Suyker et al., 2004; Brown et al., 2009) , and variations in soil water content as a function of rainfall can in general result in increased CO 2 emission during non-growing periods (Granier et al., 2007; Pereira et al., 2007; Reverter et al., 2010) or mixed effects during growing seasons Granier et al., 2007; Pingintha et al., 2010; Reverter et al., 2010) . However, these environmental control factors have typically been examined separately as single factors, and hence, their additive or interacting effects are not well documented in the existing literature. After studying a native grassland ecosystem, Saito et al. (2009) reported a combined effect of increases in both available light and soil temperature (i.e., >8 • C) on increased CO 2 uptake. Nonetheless, such multivariate relationships have not been examined in annual cropping systems. Indeed, to date, the majority of the studies about environmental controls on ecosystem CO 2 exchange have been conducted in forest (Law et al., 2002; Griffis et al., 2003; Granier et al., 2007; Migliavacca et al., 2011) and grassland (Pereira et al., 2007; Brown et al., 2009; Saito et al., 2009; Unger et al., 2010) ecosystems, whereas cropland systems (Suyker et al., 2004; Pingintha et al., 2010) have a disproportionally minor representation of these studies relative to their wide surface cover distribution worldwide. The effects of environmental controls on CO 2 exchange could vary to a great degree between croplands and other ecosystems due to inherent differences in plant phenologies and canopy structures, and durations of the fallow and growing periods as well as the application of management practices in cropping systems. Thus, information available regarding environmental controls on CO 2 exchange over cropland systems is lacking, limited, and dispersed.
The two predominant annual crop species in the Midwestern U.S. region are corn and soybean, covering approximately 75% of the land surface . To date, a few field studies have examined the long-term CO 2 exchange over croplands within this region in response to varying management factors (Baker and Griffis, 2005; Hollinger et al., 2005; Verma et al., 2005) . It has been observed that recent management transition to conservation tillage practices apparently had no significant effect on annual CO 2 exchange over corn-soybean rotations (Baker and Griffis, 2005; Verma et al., 2005) . Similarly, when contrasting annual CO 2 exchange of corn-soybean rotations under rainfed versus irrigated systems, little response to management has also been detected . These existing multi-year studies generally did not simultaneously compare side-by-side the two crop species (i.e., corn and soybean) in all studied years, but typically evaluated corn and soybean cultivation only in alternative years as part of a single site biennial rotation system. To measure CO 2 fluxes over the two crops simultaneously during multiple years would prevent introducing confounding effects of inter-annual climate variations in the CO 2 exchange results. Furthermore, ecosystem carbon balances reported in these existing studies fluctuated from net source to neutral outcomes, in part, demonstrating that CO 2 exchange over cropland is highly variable and dynamic. Therefore, additional data collected under a broad variety of edaphic and climatic conditions can help to resolve these carbon sink-source uncertainties at the ecosystem level. More data are also needed to enhance flux quantification across the existing regional gradients of precipitation (increasing west to east) and ambient temperature (increasing north to south) in the Midwestern U.S. as well as to unravel the high temporal variations of ecosystem CO 2 fluxes. To understand the temporal dynamics of these patterns in response to both environmental factors and different land-management is also critical for better interpretation of CO 2 fluxes in agricultural fields and at global terrestrial scales. Thus, the objectives of this study were to quantify long-term temporal variations of CO 2 fluxes in corn and soybean fields, and to examine the biophysical controls on these fluxes in the Midwestern U.S. This study also addressed specific research questions including inter-and intra-annual variations of CO 2 fluxes over plant canopies and under fallow conditions; assessment of CO 2 exchange at regional footprint scale level by intercomparison between CO 2 exchange measured at 10 m height above the ground vs. directly over canopy or fallow surfaces; transient effects of crop phenological developments and tillage operations on CO 2 fluxes; dependency of CO 2 fluxes on available light, ambient temperatures, and rainfall; and examination of hysteresis response of ecosystem CO 2 uptake with available light.
Materials and methods

Site description and agronomic management
This study was conducted near Ames, Iowa (41.967 • N, 93.695 • W, 315 m elevation) from 2004 through 2007. Soil series in the field are Clarion loam (fine-loamy, mixed, superactive, mesic Typic Hapludolls), Nicollet clay loam (fine-loamy, mixed, superactive, mesic Aquic Hapludolls), and Canisteo silty clay loam (fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls) with terrain slopes of 0-3%.
Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] were grown in biennial rotation in two adjacent fields with both crops in any given year. Corn-soybean rotation is the dominant cropping system within the geographic region of this study . The assessed, large-scale, commercial production fields (≥23 ha) in our study were typically planted in early May and harvested for grain in late October. Crop residues remained in these fields following harvest operations. In close agreement with the actual planting to harvest periods within every year, the growing season period in this study was defined as 1 May through 31 October. Corn and soybean population densities were approximately 72 000 and 350 000 plant ha −1 , respectively. Tillage operations included fall chisel plowing only in the corn field and one pass of field cultivator in the spring prior to planting of both crops. After soybean harvest, nitrogen fertilizer was injected at a rate of 168 kg ammonia-N ha −1 in the fall in preparation for corn planting in the following spring. These fields are drained with subsurface tile lines (≈1 m depth). Typical dates of growth stages R1 and R5 for soybean were on 9 July and 11 August, respectively, while R1 for corn was on 18 July. Peak canopy heights were 294 cm for corn and 93 cm for soybean. Leaf area index for corn at growth stage R1 measured using a LAI-2000 Plant Canopy Analyzer (LI-COR Biosciences Inc., Lincoln, NE) was typically 5.9 m 2 m −2 . Also, in these same fields of our study, Sauer et al. (2007) quantified peak leaf area index for soybean of typically 5.8 m 2 m −2 .
Field measurements and data calculations
A permanent weather station was deployed within 1 km from the study site over a grassed area for continuous measurements of vapor pressure deficit (VPD) and air temperature (Vaisala HMP45c, Campbell Scientific Inc., Logan, UT), solar radiation and incident photosynthetically active radiation (PAR) densities (LI-200 pyranometer, LI-COR Biosciences Inc.), and cumulative precipitation (TR-525 Rain Gauge, Texas Electronics Inc., Dallas, TX.). Data were computed and recorded hourly using a CR1000 datalogger (Campbell Scientific Inc.).
Eddy-covariance instrumentation
Eddy-covariance (EC) flux instrumentation were positioned 1.6 m above the soil surface (or 1 m above canopy height if canopy height >0.6 m) in each of the two cropped fields. Similar to Hernandez-Ramirez et al. (2011c), these EC units consisted of a fast-response water vapor and CO 2 density open-path infrared gas analyzer (IRGA; LI-7500, LICOR Biosciences Inc.) and a threedimensional sonic anemometer (CSAT, Campbell Scientific Inc.) oriented to the prevailing wind direction (i.e., to the south). Separation distance between gas analyzer and sonic anemometer sensors was 0.1 m. Ancillary measurements in each flux station included air temperature and humidity, and soil water content. An air temperature and humidity sensor (HMP-35, Vaisala Inc., Woburn, MA) was placed within 0.2 m above the EC sensors. Soil water content in the top 0.1 m at each site was measured with Hydra Probe (Stevens Water Monitoring Systems, Portland, OR) deployed at the interrow (if crop was present). Signals from all EC instrumentation were recorded at rates of 10 Hz, and 15-min averages were stored in CR5000 dataloggers (Campbell Scientific Inc.). All instrumentation at the site was powered using twelve-volt DC batteries supplemented with arrays of solar panels and/or wind generator as needed.
A third EC unit using the identical instrumentation as the ECs mentioned above was deployed at 10 m above the ground level on a tower located in the boundary between the two cropped fields. This 10 m-high EC system was installed with the aim of providing a regional-scale footprint assessment of CO 2 fluxes over this agricultural landscape. This 10 m-high EC data was available only for calendar years 2006 and 2007.
Eddy-covariance data procedures
Calculations for EC data were carried out in three sequential steps including corrections, quality control, and gap-filling. Measured CO 2 fluxes were corrected for air density fluctuations following the Webb-Pearman-Leuning algorithm (Webb et al., 1980) . Our times series CO 2 concentration data was not corrected for the effects of local heating by the open-path IRGA sensor which can particularly occur during cold periods (Grelle and Burba, 2007; Amiro, 2010) . We recognize that this self-heating correction is increasingly being applied in CO 2 exchange studies (Reverter et al., 2011) , and therefore, as describe below, we used a regression model developed by Reverter et al. (2011) to attain a quantitative estimate of its magnitude in our results of annual cumulative CO 2 fluxes and apparent carbon balance.
Quality control consisted of a rigorous data screening protocol. Data were rejected if wind direction was opposite to the orientation of EC system, and also if the friction velocity was below a pre-selected threshold of 0.1 m s −1 after Baker and Griffis (2005) . Data was also screened for anomalous values outside a pre-selected range [−1.36 to 2.73 mg CO 2 -C m −2 s −1 ; with sign convention defined as flux values are positive when CO 2 is transported away from the surface (emission)]. Instrument malfunctioning and power failure also caused data losses. Additionally, any data collected by the EC systems during rainy periods was systematically rejected because of sensor malfunction during these events. Rainy periods encompassed 2.2% of the time across the 8 site-years of our study. All these constraints produced a total amount of missing EC CO 2 data of 31% across the 10 site-years.
With the exception of rainy periods, intervals of missing data were gap filled using an iterative interpolation technique. Gap filling of our missing data allowed the estimation of cumulative seasonal and annual totals of CO 2 flux densities. This gap filling procedure for missing data was run using an inverse weighting time average calculation based on nearest neighbours as Hernandez-Ramirez et al. (2009b , 2010 . Briefly, the gap-filling algorithm was performed in three sequential steps: gap filling of 15-min missing data, daily mean estimation, and gap filling of missing daily data. Gap-filled 15-min missing data was performed as a one-dimensional moving frame with a maximum of 24 neighbours in the time course and centered in the missing data period of interest. Following a conservative approach, the outcome from gap-filled 15-min data calculation was accepted and incorporated into the data set only if at least 8 neighbour data values were presented within the moving frame. Gap-filled data sets (original 15-min data along with valid gap-filled 15-min data for missing periods) were used to calculate daily mean of CO 2 flux density. Nonetheless, for quality control purposes, these daily means of CO 2 flux density were rejected if more than 20% of available 15-min data were still missing for a given day after applying the gap-filling technique. Using these screened daily means, gap-filling of daily missing data was carried out as a centered moving frame of at least 4 and maximum 48 neighbour values. The combined data set included 69% of original 15-min data, 20% gap-filled derived 15-min data, and 11% of gap-filled derived daily data.
As it is convention for the EC method, energy balance for our data sets has been previously examined. In related work, Hernandez-Ramirez et al. (2010) observed annual energy balance closures of 0.87 for corn and 0.81 for soybean fields. As discussed by Hernandez-Ramirez et al. (2010) , increased advective losses over relatively smoother surfaces (i.e., soybean canopy), turbulent transport by large-scale eddies (low frequency), as well as other minor energy fluxes and storage terms (e.g., photosynthesis, air and canopy storage) could contribute to explain these observed results of energy balance closure in these fields.
Automatic soil chamber instrumentation
To assess soil CO 2 flux under fallow conditions, two stainless steel chambers were deployed per field site during the growing season of 2004. Chamber dimensions were 0.60 m by 0.60 m and 0.30 m tall, and the chambers were inserted 15 cm deep in the soil for a chamber headspace volume of 54 L. The area within a 2-m distance from the chambers was kept free from any crop plants or weeds. Chambers were removed to allow field operations including tillage and repositioned within a few hours after the field operations. As described in Parkin and Kaspar (2003) , the chambers had a linear motor for automatically closing and opening the chamber cover. Each chamber was equipped with a vent port to allow pressure equilibration with the atmosphere. A small fan was installed inside each chamber to mix the air (6.7 L s −1 ) during the CO 2 flux measurements. Flux measurements were done at hourly intervals by closing the chambers for 6 min and quantifying headspace CO 2 concentrations every minute. These six CO 2 concentrations were used to estimate a flux value as a point measurement. Headspace CO 2 concentration were measured by pumping a headspace gas sample through an infrared gas analyzer (IRGA) (LI-800 GasHound, LICOR Biosciences Inc.) and out to the atmosphere at a flow rate of 0.0108 L s −1 . Dataloggers (CR21X, Campbell Scientific Inc.) were used to control the chamber automation and to calculate and store hourly flux data.
Chamber and eddy-covariance data analyses
Chamber flux estimations were done by fitting CO 2 concentration versus time data to the curvilinear algorithm proposed by Hutchinson and Mosier (1981) . Flux values were corrected for the CO 2 exchange between the chamber headspace and the atmosphere through both the vent port and the IRGA pump.
To examine the dependency of soil CO 2 fluxes on temperature under fallow conditions, acquired EC (during fallow periods) and chamber data sets were fitted to both linear regressions and Q 10 relationships. Coefficients of determination (R 2 ) were used as criterion for best model selection. Similar to Parkin and Kaspar (2003) and Hernandez-Ramirez et al. (2009b) , Q 10 parameters were derived using the nonlinear Arrhenius equation with a basal CO 2 flux set at a temperature of 283 K.
Due to lack of constant variance of CO 2 fluxes data, nonparametric Kruskal-Wallis one way analyses of variance on ranks were run to compare annual cumulative and seasonal components Table 1 Net ecosystem exchange of carbon dioxide (CO2) over a corn-soybean rotation in Iowa using eddy-covariance (EC) method and accumulated on both annual and seasonal bases.
Year or statistic
Cumulative CO2-C flux a b Standard error of the mean. c Corresponds to an EC deployed on a 10 m-high tower for regional-scale footprint assessment of CO2 fluxes located in the boundary between the two assessed, cultivated fields (i.e., corn and soybean). of CO 2 fluxes for the 10 m-high tower vs. the simple average of corn and soybean fields where the measurement years were used as replicates. Linear least square regressions were fitted to the CO 2 fluxes data as a function of PAR and/or ambient temperature. Prior to parametric model development, response data (CO 2 fluxes) were assessed for normality and constant variance by Bartlett and Shapiro-Wilk tests, respectively. Due to a lack of both normality and constant variance, CO 2 fluxes data were offset to positive values and transformed by natural logarithm or square root as needed to fulfill the assumptions required for model development.
Results and discussion
Net ecosystem exchange of CO 2 : Inter-annual variations and crop effects
Within the assessed corn-soybean rotations, all corn years consistently showed net uptakes of CO 2 (ranging from −534 to −360 g C m −2 year −1 ), whereas soybean exhibited annual cumulative CO 2 exchanges near neutral values (−122 to 62 g C m −2 year −1 , Table 1 ; Fig. 1 ). These observed quantities are in general agreement with previous CO 2 exchange studies conducted in corn and soybean fields in central North America (compiled in Table 2 ). Moreover, certain variations in CO 2 exchange amongst these existing reports can be in part explained by natural gradients of both temperature and precipitation across this geographic region. Study sites of Baker and Griffis (2005) (Minnesota) and Glenn et al. (2010) (Manitoba) located to the north of our measurement site typically showed much lower corn CO 2 uptake than our results which can in part be attributed to gradual decreases in ambient temperature toward the northern latitudes. Likewise, when comparing rainfed corn fields, Fig. 1 . Net ecosystem exchange of carbon dioxide (CO2) over a corn-soybean rotation in Iowa using the eddy-covariance (EC) method. The '10 m-high' values corresponds to an EC deployed at 10 m above ground level with the purpose of regional-scale footprint quantification of CO2 fluxes located in the boundary between the two assessed, cultivated fields (i.e., corn and soybean). Shown values were accumulated on daily-step basis within each calendar year. The 10 m-high EC data were available only for calendar years 2006 and 2007. an increasing precipitation gradient from west to east within the Midwestern U.S. could have caused annual CO 2 uptake to be greater in Illinois (Hollinger et al., 2005) and lower in Nebraska than in our measurement location in Iowa mainly due to associated variations in net primary productivity.
Moderate weather variations amongst the four years of our study could partly explain the differences in measured magnitudes of annual CO 2 exchange across the assessed years. Both the highest annual net CO 2 uptake for corn and the only net uptake value for soybean took place in 2004 (Table 1 ; Fig. 1 ). Concurrently, the growing season 2004 (May through October) exhibited the highest rainfall and lowest temperature compared to the other three years of our study (Table 3) . Because summers in temperate regions are typically warm, these comparatively slightly colder-wetter conditions during 2004 could have decreased plant and soil respiration rates in relative terms while sustaining adequate conditions for plant growth, photosynthetic activity, and biomass accumulation (Taiz and Zeiger, 2002) . In contrast, comparatively warmer-wetter conditions during the growing season of 2007 could have in part caused the lowest CO 2 uptakes for both corn and soybean crops across the four assessed years (−456 and −33 g C m −2 during growing season 2007, respectively; Table 3 ). In effect, warmer-wetter conditions within the growing season of 2007 could have specifically favored respiratory processes in both soil and plant components of these cropping systems where existing subsurface drainage networks typically remove the excess of soil water. The direct dependency of soil respiration on both temperature and soil water contents have been extensively demonstrated in previous field and incubation studies focusing on only the soil component of cropping systems (Parkin and Kaspar, 2003; Davidson et al., 2006) .
Because EC measurements over crop canopies integrate the net effects of plant photosynthesis as well as plant and soil respiration processes, subtraction of carbon exported via harvested grain from our EC-measured annual CO 2 exchange (Table 1; Fig. 1 ) could be interpreted as apparent annual changes of soil carbon. Combineharvested grain productivities (Mg dry matter ha −1 year −1 ) in the assessed commercial fields were typically 11.8 for corn and 3.1 for soybean (data not shown). Using grain carbon contents (g C kg −1 grain) of 448 for corn and 511 for soybean (Hernandez-Ramirez et al., 2011a), we estimated an annual carbon extraction via grain (g C m −2 year −1 ) of 529 ± 30 for corn and 158 ± 7 for soybean. In sum, these estimates suggest near neutral apparent changes in soil carbon following corn years (63 ± 68 g C m −2 year −1 ), while soybean years resulted in an apparent slow decline in soil carbon (145 ± 46 g C m −2 year −1 ). Overall, corn-soybean rotation in our study showed an apparent decrease in soil carbon of 104 ± 57 g C m −2 year −1 . These apparent decreases are quantitatively minimal compared to whole soil profile inventories of organic carbon for both our field site (data not shown) and for another typical Midwestern U.S. soil also cropped to corn- It should be noted that our partial carbon balance calculation based on EC-measured CO 2 exchange and grain carbon extraction do not consider several minor components such as leaching losses of dissolved carbon, carbon transport via runoff, and atmospheric carbon deposition (chemical species different than CO 2 ). As previously pointed out by Baker and Griffis (2005) and Hernandez-Ramirez et al. (2010), it should also be noted that EC method could hypothetically result in systematic underestimate of scalar fluxes including CO 2 exchange mainly due to local advection. Therefore, if this is the case, actual carbon budget estimates would likely shift toward an outcome of neutral carbon balance for our corn-soybean rotations, suggesting this agroecosystem is in a carbon equilibrium status. Conversely, as mentioned above, the open-path IRGA self-heating correction (Grelle and Burba, 2007) was not systematically applied in our time series data; nevertheless, following a general empirical equation by Reverter et al. (2011) [i.e., CO 2 -C correction (g C m −2 year −1 ) = 202-3.4 × mean annual air temperature ( • C)] in an attempt to account for this self-heating effect in our annual cumulative results (Table 1) using our mean annual air temperatures (Table 3) , it was estimated that annual CO 2 fluxes would be shifted a magnitude of 169 g C m −2 year −1 toward both enhanced annual net carbon losses for soybean and decreased carbon uptake for corn with corrected 4-year mean fluxes values of 156 and −297 g C m −2 year −1 , respectively, and hence, estimation of apparent carbon balance for the overall corn-soybean rotation in our study would consequently result in an enlarged decline in soil carbon of 273 g C m −2 year −1 . This estimated magnitude of yearly soil carbon loss is 2.6 times greater than the carbon balance as calculated above prior applying the self-heating correction. Further research needs to address these various uncertainties in CO 2 exchange measurements and carbon balance. Existing reports have previously noted the depleting effects of the soybean phase of corn-soybean rotations on soil carbon pools (Russell et al., 2005; Huggins et al., 2007; Hernandez-Ramirez et al., 2009a) . Hernandez-Ramirez et al. (2009a) observed a 10% reduction in surface soil organic carbon concentrations following soybean compared to after corn years. These results can in part be attributed to differences in quantity and quality of soybean vs. corn residues with approximately four-fold lesser residue mass and two-fold narrower C/N ratio for soybean residues (Hernandez-Ramirez et al., 2011a). As suggested by Johnson et al. (2005) and Hernandez-Ramirez et al. (2011b), soybean residue quantities represent a low contribution to soil carbon, and in addition, priming effects of N-enriched soybean residue on soil carbon turnover can induce increased microbial respiratory losses of existing soil organic carbon.
Assessment of CO 2 exchange at the regional footprint level
Several key features can be noted when comparing CO 2 exchange measured at 10 m height above the ground vs. directly over canopy or fallow surfaces during the two assessed years. Annual cumulative CO 2 uptake at the 10 m-high tower (−211 g C m −2 year −1 ) was not different than the simple average of corn and soybean fields (−197 g C m −2 year −1 ) during 2006 and 2007 based on a Kruskal-Wallis one way analysis of variance on ranks (Ps > 0.44) (Table 1; Fig. 1 ). Likewise, separate statistical analyses by seasonal components also indicate that measurements at 10 m height did not differ than the simple average of the cropped fields. Compared with the simple average of the two cropped fields, CO 2 exchange measured at the 10 m-high tower tended to just 5% higher uptake during the growing seasons (−330 vs. −315 g C m −2 ) and only 2% higher emission during the fallow periods (November through April) (120 vs. 117 g C m −2 ). Furthermore, graphical analysis revealed that our cumulative daily CO 2 flux measurements at 10 m height in general followed the averaged temporal patterns of the two cropped fields throughout both 2006 and 2007 (Fig. 1) . Overall, these observations support the close agreement between our measurements done at 10 m height for regional-scale CO 2 exchange assessment and within 1.0-1.6 m heights over the two agricultural surfaces. Although our 10 m high EC could have quantified CO 2 fluxes sourced in part from outside the footprint of the corn and soybean fields assessed in this study, this corn-soybean rotation represents the predominant cropping system in the surrounding agricultural landscape within Central Iowa . Few previous studies have assessed CO 2 exchange at a regional footprint level (Soegaard et al., 2003; Jaksic et al., 2006) ; nevertheless, such assessment had not been previously reported for long-term measurement periods or over heterogeneous agricultural landscape dominated by corn and soybean fields. Over a cropland region dominated by wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and grassland in Denmark, Soegaard et al. (2003) reported good agreement between CO 2 fluxes measured at 48 m and at ground level during a single growing season (June to August) based on both half-hourly and daily bases. Similarly, oneto-one direct intercomparisons of our daily CO 2 fluxes from 10 m height vs. each of our two cropped fields (data not shown) also indicated general agreement between measurements at the different heights. Additionally, certain data scattering observed in these several intercomparative analyses can also be in part attributed to natural variability of CO 2 fluxes, changes in CO 2 storage in the air column (Soegaard et al., 2003; Suyker et al., 2005; Verma et al., 2005) as well as differences in turbulence at different EC heights (Soegaard et al., 2003) and over differing surfaces , 2011c [i.e., in our study means of friction velocity (m s −1 ) were 0.29 over the soybean field, 0.33 over the corn field, and 0.34 at 10 m height (with unvarying standard errors of 0.001) during the 2006-2007 period; data not shown].
Carbon dioxide fluxes: Management effects and intra-annual variations
Further examination of cumulative CO 2 exchange by seasonal components indicated that a consistent 21 ± 1% of the carbon uptake during the growing seasons in the corn fields was emitted back to the atmosphere during the fallow periods (November through April) (Table 1) . Specifically, 7 ± 2% of the carbon uptake within a given corn growing season was emitted during the succeeding fall (November and December). Interestingly, this fallemitted CO 2 was 40% higher from our corn fields than from the adjacent soybean fields (39 ± 7 vs. 28 ± 5 g C m −2 ; Table 1 ). This transient, differential CO 2 emission across cropped fields was not observed during the January through April period (83 and 78 g C m −2 ). Increased fall CO 2 emission in corn vs. soybean fields could be explained by relatively greater residue production by corn as a substrate for microbial respiration and also by differences in tillage management across fields. As in our study, fall tillage is typically applied only during the corn years of corn-soybean A and B) were averaged both hourly and over 7-day intervals. The indicated times of sunrise and sunset in panels A and B are based on on-site solar radiation measurements where daytime was defined as solar radiation greater than 100 W m −2 . Daily (C) daytime and (D) nighttime mean data are presented as 7-day moving averages. Note the different y-scales between panels C and D. Typical dates of planting and harvest are indicated. Typical date of growth stage R1 for corn was on 18 July, while R1 and R5 for soybean were on 9 July and 11 August, respectively. rotations managed under conventional tillage (Hernandez-Ramirez et al., 2009a , 2011b , and therefore, soybean fields do not typically receive such tillage-induced soil disturbance during the fall that would stimulate short-lived CO 2 losses owing to increases in both out-gassing and respiration (Ellert and Janzen, 1999; Rochette and Angers, 1999) . Our soil chamber measurements during the fall 2004 also clearly support this episodic effect of tillage on CO 2 losses by revealing 2.6 times greater surface CO 2 emission during the three weeks immediately following the fall tillage operation in mid November (Fig. 2) . Moreover, during the summer of 2004 under fallow conditions (areas within the cropped fields with no plants), chamber-measured soil respiration was in general higher in soybean than in corn fields (Fig. 2) ; this result can also be presumably attributed to microbial decomposition of the relatively large mass of corn residue recently-added during the preceding fall.
Detailed graphical analyses of CO 2 flux dynamics across annual and diel cycles based on our 8 site-year data permitted identification of typical times for shifts between CO 2 source and sink as well as peaks of CO 2 emission and/or uptake in corn and soybean fields during daytime and/or nighttime (Fig. 3) . As expected, our cropped fields registered near null to low CO 2 fluxes during most of the fallow periods for both nighttime and daytime. In further detail, during the November-to-April periods, 72% of our daily CO 2 flux observations were within the narrow range of −0.1 to +1.0 g C m −2 day −1 , while 21% of the flux values during these sixmonth fallow periods were above +1.0 g C m −2 day −1 . Also, certain low net CO 2 uptake values ranging from −0.1 to −1.0 g C m −2 day −1 (mean and standard error of −0.29 ± 0.04; data not shown) were sporadically observed in our study but only during 11 ± 4% of the days within the three coldest winter months (i.e., December, January, and February with ambient temperature of −4.4 ± 0.7 • C). In contrast, the growing season (May through October) exhibited most of the observed dynamics of CO 2 fluxes. Certain diurnal and nocturnal CO 2 emissions are evident in May; both autotrophic and heterotrophic respiration can contribute to these emissions during this early growing season period as crops are established and canopies start to develop. Conversely, from June throughout September, both the photosynthesis-driven carbon uptake during the daytime (Fig. 3C) and carbon emission during the nighttime (Fig. 3D) were evident. The shifts of diurnal CO 2 exchange from source to sink for both crops took place within June. In further detail, diurnal CO 2 sink started earlier for corn than for soybean (i.e., 1 June for corn at growth stages V2 to V3 vs. 17 June for soybean at V3 to V4; Fig. 3C ). The return to diurnal CO 2 source occurred roughly on 15 September for both crops as canopies are gradually senescing. Collectively, these results indicate that CO 2 sink periods were typically 106 days for corn and 90 days for soybean. In addition, the diurnal CO 2 uptake peak was stronger for corn than for soybean (−1.03 vs. −0.60 g C m −2 h −1 ), and the soybean CO 2 uptake peak occurred approximately one month later than for corn ( Fig. 3C) , which is consistent with phenological dissimilarities between these two crops resulting in temporal differences of maximum canopy developments (i.e., whereas R1 for corn was on 18 July, soybean R5 growth stage occurred typically on 11 August). Concomitantly, corn exhibited more diurnal CO 2 uptake in July than in August, whereas soybean showed the opposite pattern (August > July). Furthermore, the marked seasonal peak of nocturnal CO 2 emission in both fields during July to August can be directly attributed to the combination of canopy and root respiration as well as heterotrophic microbial respiration associated with increasing ambient temperatures and progressive decays of crop root systems. Collectively, these results agree with previous reports of CO 2 exchange dynamics over corn and soybean fields within the Midwestern U.S. (Suyker et al., 2004 Verma et al., 2005; Hatfield et al., 2007) , and our analyses further extend these existing reports by separating the diurnal and nocturnal flux-components for both diel and annual cycles. Overall, these findings should inform modeling efforts toward enhancing predictive ability of CO 2 exchange over agricultural surfaces.
Temperature, rainfall, and light effects on CO 2 fluxes
A substantial body of literature has been established on the dependencies of CO 2 fluxes on ambient temperature, rainfall patterns, and available light; our results in general corroborate and add to the existing reports. As previously documented for forest (Law et al., 2002; Griffis et al., 2003) , grazed pasture (Brown et al., 2009) , and shrubland (Reverter et al., 2010) sites, our results also suggest a direct control of temperature on CO 2 fluxes under fallow conditions in cropped fields (Fig. 4 ). Using R 2 as a criterion, the best fits to data from both soil chambers (Fig. 4A ) and eddy-covariance (Fig. 4B) were linear for air temperatures ranging from −10 to 15 • C, and concurrently, the corresponding regression coefficients (ˇ1s) for soil chambers (0.00676, Fig. 4A ) and eddy-covariance data (0.00786, Fig. 4B ) did not differ from each other (P > 0.05; ˇ1s were derived on transformed CO 2 flux data), indicating consistent linear sensitivity of soil respiration within low temperature ranges. This finding is in clear agreement with Ginting et al. (2003) who also reported a simple linear response of soil CO 2 fluxes to soil temperature (<18 • C) during a fallow period of a continuous corn system. Furthermore, when including all our available chamber data with air temperatures from -10 to 22 • C, the best fit was Q 10 (Fig. 4A) ; this pronounced curvilinear response indicates incremental sensitivity of soil respiration to higher temperatures (Parkin and Kaspar, 2003; Davidson et al., 2006) . In further examination of the chamber data (Fig. 4A ), Q 10 fitting was also better than linear after excluding the extremely high monthly averages: July and August in the soybean field [CO 2 -C = 0.029 × 1.94 (T/10) , R 2 = 0.56; acronyms and units as defined in Fig. 4 ]. Graphical analysis by diel cycles under fallow conditions during the warm summer period further supports the clear response of soil respiration to temporal fluctuations in ambient temperature (Fig. 5 ). Moreover, it was also found that within a period with relatively higher temperatures (31 July to 3 August 2004), soil CO 2 emission largely increased during certain days (i.e., 1, 2, and 3 August) following a major rainfall (70 mm on 1 August) ( Fig. 5 ). However, regardless of additional major rainfalls on 3 and 4 August, soil CO 2 emission sharply decreased during the subsequent days (4-12 August) in clear association with a significant reduction in ambient temperature. These observations may suggest that synergistic effects of temperature and moisture on increased soil CO 2 emission become only evident under high temperature levels. These responses of chamber-measured soil CO 2 fluxes to environmental controls were particularly pronounced in the soybean field where a large corn-residue mass had been added in the preceding fall as discussed above.
Rainfall events also showed discernable driving effects on temporal dynamics of EC-measured ecosystem CO 2 uptake. Within two selected periods between major rainfalls [13-day (3 through 19 July 2005) and 8-day periods (24 July through 9 August 2007)], the maximum daytime mean of net CO 2 uptake over both crops were consistently observed on the third day after major rainfalls and with high incident PAR (data not shown). Also, although these assessed periods between rainfalls led to certain declines in soil water content, soil water in our field sites can in general be characterized as a non-limiting soil water availability condition (Logsdon et al., 2009 (Logsdon et al., , 2010 for corn and soybean growths as the minimum surface soil water content measured at our sites during the entire 4-year study was 0.15 m 3 m −3 (0 to 0.10 m depth; data not shown). These non-stress moisture conditions for plant growth typically occur in humid temperate regions with fine-textured soils and relatively uniform rainfall distribution (Logsdon et al., 2009 (Logsdon et al., , 2010 such as the Central and Eastern U.S. Corn Belt.
When plants are active growing, available light is considered a major driver of ecosystem CO 2 uptake as photosynthesis is stimulated (Suyker et al., 2004 Glenn et al., 2010) . Our results support this general notion (Fig. 6 ). Regardless of data scattering, light response tended higher for corn than for soybean during July (Fig. 6A ) when the corn canopy reached maximum development, while both corn and soybean exhibited more similar light responses during August (Fig. 6B ) when the soybean canopy reached maximum development and as the demand for maintenance energy in the corn canopy gradually increases. In addition to phenological differences between crops, photosynthetic C4 physiology in corn vs. C3 in soybean (with photorespiration) can in part explain these differences in light responses across crop species and months. Nonetheless, as indicated above, most previous studies examined these effects of available light as a single factor only. Our graphical analysis of daytime hourly CO 2 fluxes as a simultaneous function of both available light (incident PAR) and air temperature (T) revealed an additive effect of these two control variables on net CO 2 uptake only for corn [ Fig. 7 ; the resulting equation after offsetting and transforming CO 2 data was Ln (CO 2 -C + 10) = 2.380-0.000108PAR-0.00282T, R 2 = 0.77]. Such combined additive effect, which resulted in notably greater CO 2 uptake, had not been previously reported in the existing literature for annual crop species. In further details, this effect was clearly evident where air temperature was above 26 • C and incident PAR in the subrange from 1400 to 1900 mol m −2 s −1 resulting in a solid CO 2 uptake peak ranging from −1.5 to −3.0 g C m −2 h −1 (Fig. 7) . Overall, incident PAR and air temperature explained 74% and 3%, respectively, of the total variability in the data, and this temperature contribution to this additive response model was mostly noticeable with temperatures higher than 23 • C. As a biological process, increased photosynthesis, and hence ecosystem CO 2 uptake, depends on available light as a direct energy input and on air temperature as a scalar expression of ambient heat and thermodynamic driver of photosynthetic and respiratory activities. In general, as observed in our study, these responses to temperature and available light can be expected to be even more pronounced in C4 than in C3 plants (Taiz and Zeiger, 2002) . 
Diurnal hysteresis of ecosystem CO 2 uptake
Results revealed pronounced diurnal hystereses in the light response curves over both crops that can be attributed to delay in the diurnal peak of soil CO 2 respiration relative to the time of maximum plant photosynthesis (Fig. 8) . Under our non-limiting soil water conditions as discussed above, systematically lower ecosystem CO 2 uptake in the afternoons than in the mornings for any given PAR level can be directly attributed to relatively increased CO 2 respiratory losses from soil and roots in late afternoon when higher ambient and soil temperature also occur. In other words, photosynthetic activity would typically follow incident PAR (Taiz and Zeiger, 2002) , while soil respiration would track the diel patterns of ambient temperature as demonstrated after a comprehensive analysis of soil CO 2 fluxes by Parkin and Kaspar (2003) and also in our chamber data (Fig. 5 ). This delay between the diurnal peaks of incident PAR and air temperature was roughly 3 h (Fig. 8) , and hence, the observed differential response of CO 2 exchange between mornings vs. afternoons. The amplitude of this hysteresis between mid mornings and mid afternoons was roughly two-fold larger for corn than for soybean (0.59 ± 0.11 vs. 0.32 ± 0.03 g C m −2 h −1 ; Fig. 8 ). These observed diurnal hysteretic responses of CO 2 exchange had not been well documented over corn and soybean canopies. Recently, both Pingintha et al. (2010) and Reverter et al. (2010) also described hystereses of net CO 2 uptake over non-irrigated peanut (Arachis hypogaea L.) and alpine shrubland, respectively. Reverter et al. (2010) attributed in part these diurnal path dependencies to sugar accumulation in leaves in the afternoon after intensive photosynthesis in the morning which could decrease Rubisco activity, particularly in C3 plants such as soybean. Furthermore, under plant water stress conditions due to drought, both Pingintha et al. (2010) and Reverter et al. (2010) observed even more amplified hysteretic responses of daytime net CO 2 uptake to PAR. Specifically, they found these effects in fields with soil water content below 0.04 (Pingintha et al., 2010) and 0.08 m 3 m −3 (Reverter et al., 2010) , and in clear association with high VPD values during the midday and afternoon which could sharply restrict stomatal conductance, and hence, considerably reduce plant CO 2 uptake, in particular in C3 plants. However, these divergent effects of high VPD on CO 2 uptake-PAR hystereses were not observed under nonlimiting water conditions (Pingintha et al., 2010; Reverter et al., 2010) . These findings are consistent with results in our corn and soybean fields (Fig. 8) where non-limiting soil water conditions were predominant; thus, increased VPD did not appear to have additional major influence on our described hysteretic courses of ecosystem CO 2 uptake (Fig. 8 ). Nonetheless, these overall observed diurnal hystereses of ecosystem CO 2 uptake need to be reexamined using absorbed PAR and leaf photosynthesis measurements under a broader variety of canopy conditions. Collectively, these findings can contribute in part to explain the scattering observed in light response curves (Fig. 6) , and they should inform modeling efforts as well as aid to develop more robust data gap-filling procedures.
Conclusion
This multiyear study identified wide variations in CO 2 fluxes as a function of environmental factors including available light, ambient temperature, and rainfall patterns. Ambient temperature explained a large portion of the observed variability in soil CO 2 emission under field fallow conditions. When corn and soybean canopies were photosynthetically active and behaving as CO 2 sinks, fluctuation in available light was the single more important driver of CO 2 uptake followed by ambient temperature in these annual cropping systems where water supply is not typically limiting. Moreover, this study found clear hysteresis of diurnal CO 2 uptake as a function of available light with greater net CO 2 uptake during mornings than afternoons over both crop canopies. Also, this study indicates good agreement between CO 2 exchange measurements done directly over these two adjacent agricultural fields (simple average of the CO 2 exchange for the assessed corn-soybean rotation) compared with quantification at regional footprint scale level (10 m height over the ground). Additionally, results suggest that crop species and phenologies affect the length of the CO 2 sink periods, peak rates of CO 2 uptake, and time of peak uptake within growing seasons. Sink periods were typically two weeks longer for corn than for soybean, and peak uptake happened two to three weeks earlier for corn than for soybean. Annual cumulative CO 2 exchanges (g C m −2 year −1 ) were −466 ± 38 for corn and −13 ± 39 for soybean. Based on these results and estimated carbon balance, soybean appears to induce depletion of soil carbon, while corn seems to be carbon neutral. Changes in land use and crop management can largely impact exchange of CO 2 from agricultural regions.
